The importance of superoxide dismutase (SOD) in protecting cells of Nocardia asteroides from the oxidative killing mechanisms within the intact murine host was determined. Murine monoclonal antibodies specific for nocardial SOD and for another nocardial antigen were prepared. Both antibodies adhered to cell surface antigens, as shown by fluorescence-labeled-antibody staining. The anti-nocardial SOD antibody inhibited the effect of nocardial SOD on superoxide generated in vitro. Cells of N. asteroides GUH-2 in log phase of growth were incubated with monoclonal anti-nocardial SOD, another monoclonal antinocardial antibody (not reactive with SOD), or phosphate-buffered saline and then injected intravenously into mice. Total recovery of CFU and inhibition of growth were determined at 3, 24, and 48 h after infection. The brains, kidneys, spleens, lungs, and livers were weighed, homogenized, and plated in order to quantitate the number of organisms in each organ at each time period. There was an initial killing followed by enhanced clearance of N. asteroides from the lungs and livers of mice which had received anti-SOD antibody-treated nocardiae. There was also enhanced early killing in the spleen. At 48 h, there were fewer organisms recovered from the brains, kidneys, and livers of mice which had received anti-SOD antibody-treated nocardia. This was not true for mice which had received antinocardial antibody not specific for SOD. The data demonstrate that surface-associated SOD protects N. asteroides for oxidative killing in vivo during all stages of infection.
Virulent strains of Nocardia asteroides are not killed in vitro by human polymorphonuclear neutrophils (PMNs) or monocytes, even though these bacteria induce an oxidative metabolic burst upon contact (8) . It has been suggested that the resistance of nocardiae to the bactericidal products of oxidative metabolism is due to a superoxide dismutase (SOD) that is both secreted into the growth medium and cell surface associated (4) . Additionally, there appear to be increased levels of catalase in nocardial strains that are resistant to the microbicidal activities of human PMNs (2, 5) . N. asteroides GUH-2 has been shown by Filice to be highly resistant to hydrogen peroxide alone or in combination with myeloperoxidase and halide in vitro (6, 7) . Furthermore, these organisms appear to be refractory to superoxide, singlet oxygen, and the hydroxyl radicals generated in vitro (5) (6) (7) .
The importance of nocardial SOD to the resistance of N. asteroides GUH-2 to PMNs was investigated by utilizing rabbit antibody active against nocardial SOD in combination with exogenously added enzyme (2) . Virulent strains of N. asteroides that secreted SOD which became surface associated survived the microbicidal activities of PMNs, whereas less-virulent strains that did not secrete SOD were readily killed by these phagocytes (2) . However, the PMNs were able to kill virulent strains of N. asteroides after the bacteria were incubated with rabbit antibody specific for SOD (2) .
The importance of SOD in the in vitro resistance of nocardiae to PMN does not address adequately the role that * Corresponding author. this enzyme has in the survival of N. asteroides within the intact host during an infectious process. Log-phase cells of N. asteroides GUH-2 contain significantly more surfaceassociated and secreted SOD than stationary-phase cells do (1) . Therefore, log-phase cells of N. asteroides alone or in combination with monoclonal antibody against either SOD or a different cell surface antigen were injected intravenously into mice, and the fate of these bacteria was determined.
MATERIALS AND METHODS Microorganisms. N. asteroides GUH-2 was grown and maintained at 37°C, as previously described (3).
Animals. Female BALB/c mice averaging 18 to 20 g were obtained from Simonsens (Gilroy, Calif.). The mice were placed in a special animal room supplied with filtered air, fed Purina Laboratory Chow, and provided water ad libidum. They were maintained by the Animal Resource Service of the University of California, Davis.
Preparation of monoclonal antibodies. Mice were injected intraperitoneally with nocardial SOD, purified as previously described (4), or with Formalin-killed whole-cell preparations of N. asteroides GUH-2 suspended in Freund incomplete adjuvant. Thirty days later, serum was collected and checked for the presence of antibodies specific for either SOD or other antigens of N. asteroides by enzyme-linked immunosorbent assay (ELISA). Mice showing a positive response were given a booster injection of antigen in saline. Three days later, their spleens were removed, minced, washed twice in Hanks balanced salt solution, and fused with murine myeloma cells (X63-Ag8.653) by using polyethylene glycol (Sigma Chemical Co., St. Louis, Mo.) to facilitate fusion, as previously described (10) . Culture super-natants from hybrids were tested for the presence of antibody by ELISA. Cells from positive wells were subcultured in hypoxanthine-thymidine and cloned by limiting dilution (10) . Antibody-positive clones (2 x 106) were injected into pristane (Sigma Chemical Co. )-primed BALB/c mice to obtain ascites fluid.
ELISA. Antigens were diluted in carbonate-bicarbonate buffer (1.59 g of Na2CO3 plus 2.93 g of NaHCO3 in 1 liter of distilled water) and left on Immulon II polystyrene microtitration plates (Dynatech Laboratories, Inc., Alexandria, Va.) overnight at 4°C. The plates were washed three times in phosphate-buffered saline (PBS)-Tween, and 3% bovine serum albumin was added for 15 min as a blocking agent. The plates were then washed three times with PBS-Tween and incubated with dilutions of antibody at room temperature for 90 min. The conjugate was discarded, the plates were washed three times in PBS-Tween, and the enzyme substrate ABTS (Sigma Chemical Co.) was added. After 15 min, the reaction was stopped by the addition of 15 (16) . Bio-Rad biotinylated standards conjugated to horseradish peroxidase were used. The unbound sites were blocked with 3% bovine serum albumin before the nitrocellulose was cut in strips and incubated with monoclonal or polyclonal antibody. The immunoblot strips were washed and incubated with horseradish peroxidase-conjugated goat anti-murine immunoglobulin G (IgG) or IgM, and the standard strips were incubated with avidin-horseradish peroxidase conjugate. The blots were then washed and developed by staining with 0.05% 3,3-diaminobenzidine tetrahydrochloride (Sigma Chemical Co.).
Immunofluorescence staining. Single-cell suspensions of the organism were prepared from log-phase cultures grown in brain heart infusion broth by differential centrifugation, as previously described (3). The cells were washed three times with PBS (pH 7.2) and incubated with the monoclonal antibodies at 37°C for 30 min. These cells were then washed three times in PBS and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin for 30 min. After the cells were washed three times, they were pelleted, and wet mounts were prepared on glass slides, observed with a Zeiss research microscope equipped with a mercury vapor epifluorescence illuminator with fluorescein isothiocyanate filters, and photographed with T-Max 3200 film.
Assay for SOD activity. The assay described by McCord and Fridovich (15) , which measures the reduction of cytochrome c by superoxide generated from a mixture of xanthine and xanthine oxidase, was used. The amount of SOD required to inhibit the rate of reduction of cytochrome c in this system by 50% was defined in 1 U of SOD activity.
Infection of mice and quantitation of N. asteroides in tissues.
Single-cell suspensions of N. asteroides GUH-2 during the log phase of growth (3) were prepared by differential centrifugation. The cells were centrifuged at 1,000 x g for 15 min and washed in sterile PBS. Approximately 107 CFU of log-phase cells per ml (counted initially on a hemacytometer and adjusted by optical density; wavelengths, 580 nm) were suspended in either PBS or mouse monoclonal antibody and incubated for 30 min at 37°C. Immediately prior to injection into mice, 0.1 ml of each suspension was diluted into 9.9 ml of sterile saline, and the number of CFU per inoculum was determined. In addition, the cell suspension was observed by phase-contrast microscopy in order to determine whether agglutination or clumping had occurred during the 30-min incubation with the antibody. Under these conditions, no cells were seen to agglutinate and they appeared as singlecell suspensions. At the same time, 0.1 ml of each suspension was injected into the tail vein of each of 15 mice. It is important to emphasize that the bacteria suspended with IgM monoclonal antibody did not bind 100% of the antibody; therefore, excess free antibody was passively transferred to the mice, so that monoclonal IgM was present.
Quantitation of N. asteroides in tissues. At 3, 24, and 48 h after injection, five mice from each group were sacrificed by ether overdose, and the brains, livers, lungs, kidneys, and spleens were aseptically removed and placed in 3 ml of sterile saline in preweighed tubes. At the same time, 0.1 ml of blood was plated in duplicate on Trypticase soy agar in order to quantitate organisms remaining in the blood stream. The tubes containing the organs were weighed, the tissue was homogenized for 30 s with a Tissumizer high-speed blender (Tekmar Co., Cincinnati, Ohio), and serial dilutions were plated on Trypticase soy agar in duplicate. The plates were incubated for 72 h, the number of colonies on each plate was determined, and the numbers were multiplied by the organ weight and dilution factor in order to quantitate CFU per organ. The mean CFU per organ for the five mice was calculated, and the standard deviation for each value was determined. The percent CFU recovered during the first 3 h after infection (the lag phase for N. asteroides is approximately 6 h; therefore, no significant replication occurs during the first 3 h) was determined by adding the CFU recovered from the organs of each mouse and dividing the total CFU recovered by the CFU injected into the mouse and multiplying by 100. (Fig. 1) , demonstrating that each antibody reacts with the bacterial cell surface. At 3 h postinfection, 99.9% of the organisms had been removed from the blood and deposited primarily in the lungs, livers, kidneys, spleens, and brains. MAbl and MAb2 appeared to slightly enhance this clearance from the blood. The initial loss of CFU recovered 3 h after infection is presented in Table 1 . Since the lag phase of N. asteroides GUH-2 is approximately 6 h, there is little increase in CFU during the 3 h following injection into mice. By adding the total number of organisms recovered from the blood, brains, kidneys, livers, lungs, and spleens, it is possible to quantitate the number of bacteria killed in vivo during this 3-h incubation. As shown in Table 1 , 110% of the inoculum dose was recovered from the PBS controls as well as from the mice that received monoclonal IgM anti-Nocardia MAb3. This monoclonal antibody did not react with SOD. In contrast, the total number of bacteria recovered from mice that received N. asteroides plus MAbl was reduced by 33%. The relative percent decrease for MAbl-coated cells was approximately the same in all organs except the spleen, which showed a slightly enhanced ability to clear the nocardiae (Table 1) .
RESULTS
Effects of monoclonal antibodies on in vivo growth. The growth of N. asteroides in the lungs, kidneys, spleen, and liver is shown in Fig. 3 , and the growth in the brain is shown in Fig. 4 . The experiments presented in these figures were done with MAbl, MAb3, and PBS. Similar results were found with MAb2 and with MAbl but not with either PBS or ascites fluid controls in separate experiments (data not shown). The data indicate that oxidative killing mechanisms were more effective against N. asteroides in the liver and lungs, since there was an initial killing of MAbl-treated nocardiae followed by enhanced clearance from these organs ( Table 1, Fig. 3 ). Also, there was enhanced early killing of MAbl-treated organisms in the spleen, and upon prolonged Fig. 3 ). In contrast, there was little evidence that oxidative killing mechanisms were as important in early clearance of nocardiae from the brain and kidneys; however, monoclonal IgM against SOD reduced the rate of growth significantly in these organs. In contrast, the monoclonal IgM against nocardial cell surface antigen (not SOD) used as a control did not enhance clearance or inhibit subsequent growth of nocardiae in any organs. Instead, this monoclonal antibody appeared to slightly enhance the growth of N. asteroides in the tissues of all organs, so that at 48 h after infection, the total number of bacteria in each organ was higher than in the controls (Fig. 3 and 4) .
DISCUSSION
Previous studies have shown that the virulent strain N. asteroides GUH-2 secreted SOD into the growth medium, whereas extracellular SOD could not be detected in the growth medium of nonpathogenic Nocardia strains (4). Virulent strains of N. asteroides in the early stationary phase of growth were not killed by PMNs or monocytes, even though they induced an oxidative burst in PMNs upon contact (8) . The less-virulent strain N. asteroides 10905 was killed more effectively by these phagocytes than N. asteroides GUH-2. It had both less SOD and less catalase activity than the more-virulent Nocardia strains (4). However, PMNs were able to kill more than 50% of the cells of N. asteroides GUH-2 that had been incubated with rabbit antibody specific for nocardial SOD (2) . Also, the addition of exogenous nocardial SOD and catalase protected cells of strain 10905 from being killed by PMNs indicating a role for both SODs and catalase in nocardial virulence (2) .
Other studies have suggested a role for SOD and intracytoplasmic catalase in resistance of a pathogen to the microbicidal effects of PMNs. Mandell reported that the addition of catalase protected cells of Staphylococcus aureus from being killed by PMNs but that the addition of exogenous SOD had little effect on the resistance of S. aureus to leukocytes (14) . However, Johnston et al. found that the addition of either SOD or catalase protected cells of S. aureus, Streptococcus viridans, and Escherichia coli from the microbicidal effects of PMNs (11) . A Shigella flexneri mutant deficient in the production of iron-containing SOD was found to be more sensitive to killing by phagocytes than the wild-type parent (9) .
There appeared to be a correlation between the amount of catalase produced by strains of Mycobacterium tuberculosis and their relative virulence (12) . Furthermore, M. tuberculosis appeared to synthesize a SOD that was different from that produced by nonpathogenic mycobacteria. Much like N. asteroides GUH-2, M. tuberculosis secreted this SOD into the medium, whereas SOD remained localized in the cytoplasm of nonpathogenic mycobacteria (12) .
The secreted and surface-associated SOD of virulent N.
asteroides may interact with and catalyze the dismutation of the superoxide produced upon contact with phagocytes. This would result in the production of H202 at the cell surface, which would be broken down by the high levels of catalase in virulent nocardias as the H202 penetrated the cell wall. There was an initial level of killing of monoclonal anti-SOD antibody-treated N. asteroides in the lungs, livers, and spleens of infected mice (Table 1 and Fig. 3 
